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SUMMARY 

r;' A compressor-rotor-blade  vibrat ion  survey was conducted on a pro- 
duct ion  turbodet   engine  incorporat ing a 13-stage axial-flow compressor 
w i t h  a pressure r a t i o  of appraximately 7 and having an air f law  of  120  
pounds per second.   Resis tance-wire   s t ra in  gages were used t o  measure 
the v i b r a t o r y  stresses i n  the first three stages and  hot-wire  anemometers 
were used t o   d e t e c t   r o t a t i n g  stall. A v i b r a t o r y  stress ofl t31,200 
pounds per square inch exc i t ed  by a s ix -zone   ro t a t ing - s t a l l   pa t t e rn  was 
measured i n  the first stage a t  approximately 5540 rpm. The f a i l u r e   o f  

w a four th-s tage  aluminum ro tor   b lade   concluded   the   inves t iga t ion .  

U INTRODUCTION 

F a t i g u e   f a i l u r e s  of compressor  rotor blades have been a m a J o r  prob- 
lem in the development  of the axial-flaw compressor. The source  of  many 
f a i l u r e s  has been   ro to r -b l ade   v ib ra t ion   exc i t ed   by   ro t a t ing - s t a l l  (refs. 
1 and 2) .  The v ib ra t ion   su rvey  reported €n r e fe rence  1 was conducted t o  
determine the cause o f  the first-stage ro tor -b lade  faihres occur r ing   i n  
s e rv i ce  i n  a 13-stage  production  compressor. The source   o f   exc i ta t ion  
f o r  the c r i t i c a l   v i b r a t i o n  was found t o  be r o t a t i n g  stall. The blades  
i n  the f i rs t  seven stages were f a b r i c a t e d  from an  aluminum a l l o y .  Alu- 
minum alloy, with i ts  extremely low endurance l i m i t ,  is very susceptab le  
t o  fatigue f a i l u r e   d u e   t o   r o t o r - b l a d e   v i b r a t i o n .  This aluminum-bladed 
compressor was rep laced  by a design in which the blades i n  the f i rs t  
three s t a g e s  were f a b r i c a t e d  from a 13-percent-chromium steel. The 
number of blades i n  the first stage was reduced by one  and in the sec-  
ond s t a g e  by two; the a i r f o F l  area taper r a t i o   f o r  all three stages was 
increased.  

A s  a r e s u l t  of these des ign   changes , ' the   inves t iga t ion   repor ted  
here in  was conducted t o  determine the r o t a t i n g - s t a l l  and  blade-vibrat ion 
c h a r a c t e r i s t i c s  of the new production  compressor.  The  investigation was 
conducted i n  a NACA Lewis static sea - l eve l  test s tand.   The  vibratory 
stresses w e r e  measured by the u s e  of resistance-wire s t r a i n  gages, and 

. 
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f low f l u c t u a t i o n s  of r o t a t i n g  stall  were de tec ted  by the use  of   constant-  
current  hot-wire  anemometers. Steady-state pressures  and  temperatures e 

were measured a t  several s ta t ions  throughout   the  compressor .  The engine 
was equipped  with a var iab le-area   exhaus t   nozz le   to  vary t he   p re s su re  
r a t i o  o r  a i r  flow a t  a constant  speed. 

APPARATUS 

Turbojet   engine.  - The inves t iga t ion  was conducted on a t u r b o j e t  
engine  incorporat ing a 13-stage axial-flaw compressor  with a pres su re  
r a t i o  of approximately 7, rated engine  speed of 8300 rpm, and air f l o w  
of approximately 120 pounds per second. The engine,  which was i n s t a l l e d  
and operated i n  a Lewis sea- leve l  static test s tand ,  W&E equipped with an 
adjustable exhaus t   nozz le   to  permit v a r i a t i o n  of t h e   p r e s s u r e   r a t i o  or 
air  flow at  a cons tan t  speed. 

Methods of   de tec t ing  and  measuring  vibratory stress. - Commercial 
r e s i s t a n c e - w i r e   s t r a i n  gages were cemented t o   e i g h t  blades in   each  of 
t h e  first three compressor stages a t  approximately  midchmd  posit ion as 
c l o s e  as p o s s i b l e   t o   t h e   b a a e  of the a i r f o i l   s e c t i o n .  The e ight   b lades  
per s t age  were d iv ided   in to  two  groups of f o u r  blades approxlmately 180' 
a p a r t .  Lead wires were run  from the  s t r a in   gages  t o  a 19- r ing   s l i p - r ing  
assembly mounted on the flront of the engine starter. The s l i p - r i n g  
assembly and s t r a i n - g a g e   c i r c u i t s  were t h e  same as repor ted   in   re fe rence  3. 

A 12-channel   recording  osci l lograph was used t o  record t h e   s t r a i n -  
I 

gage  and  hot-wire anemometer s igna l s .  

Hot-wire  anemometer. - A constant-current  hot-wire anemmeter EYS- 
tem was used t o  detect r o t a t i n g  stall. A 0.001-inch-diameter by 0.01- 
inch-length wire kept  at a constant   average temperature was used  in   each 
anemometer. The flow f l u c t u a t i o n s  were de tec ted  from the   ins tan taneoue  
v a r i a t i o n s   i n  w i r e  temperature. A resistance-capacitor-type  compensator 
was used t o   o b t a i n  the necessary speed of response.  Anamometer probe6 
were i n s t a l l e d   i n   r a d i a l - s u r v e y  devices located i n  the f irst ,  second, 
and th i rd  stator passages.  

The hot-wire anemometer s i g n a l s  were viewed on a dual-beam cathode- 
r ay   o sc i l l o scope ,  and permanently  recorded on the 12-chanel   recording 
osci l lograph.  The method used to determine the number of stall zones 
i n  a r o t a t i n g - s t a l l   p a t t e r n  was the same as used i n  re ferences  1 and 4 .  

Pressure  and  temperature  instrumentation. - The engine   p ressure  and 
temperature   instrumentat ion is shown i n  figure 1. Radial pressure  and 
temperature   rakes  were i n s t a l l e d  ahead of the ccaqpressor i n l e t  guide 
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vanes,   compressor  outlet ,   and  the  exhaust tail pipe. The air-flow meas- 
urements were ca l cu la t ed  from the pressure and temperature measurements 
a t  s t a t i o n  1. All probes were spaced a t  area cen te r s  of equal annular  
areas. 

PROCEDURE 

The inves t iga t ion  was conducted i n  a s e a - l e v e l   s t a t i c  tes t  s tand  
with the compressor i n l e t  and turb ine   exhaus t  open t o  the atmosphere. 
The engine was operated  over a range  of  speeds from approximately 4500 
t o  8300 rpm wFth the adjus tab le   exhaus t   nozz le  se t  a t  various pos i t i ons .  
The minFmum nozzle  area used was limited by max- allowable t a i l - p i p e  
temperature (1166O F) , or  the minimum area obta inable  with the adjust- 
able nozzle.  A t  each condi t ion,  d a t a  w e r e  obtained t o  determine the 
compressor  performance, and ro t a t ing - s t a l l   and   ro to r -b l ade -v ib ra t ion  
c h a r a c t e r i s t i c s .  

RESULTS AND DISCUSSION 

The data obtained in this inves t iga t ion  are d i scussed   i n  their  
r e l a t i o n   t o  the compressor  performance  and the effect of r o t a t i n g  stall  
on the ro tor -b lade   v ibra t ion .  The compressor  used  in this inves t iga t ion  
was of the same production  model as repor t ed  in re ference   2 .  

R o t a t i n g - S t a l l   C h a r a c t e r i s t i c s  

The performance of the 13-stage c,ampressor  used i n  this i n v e s t i -  
ga t ion  is presented  in f i g u r e  2 as t o t a l - p r e s s u r e   r a t i o  and adiabatic 
t empera tu re - r i s e   e f f i c i ency   p lo t t ed   aga ins t   equ iva len t  a b  flow. The 
data po in t s   a long  the sol id  line of figure 2(a)  were taken with the 
exhaust  nozzle set t o  g ive  the approximate  ra ted  ta i l -pipe  temperature  
a t  rated equivalent   speed (8300 rpm). The data poin ts   a long  the lower 
l i n e  were taken with open exhaust  nozzle or set t o  g ive  mexFmum a v a i l -  
able area, and the d a t a  poin ts   t aken   a long  the uppe r   l i ne  w e r e  taken 
w i t h  an exhaust area reduced from rated area. 

The shaded   sec t ion   in   f igure   2 (a)   represents  that area of opera- 
t i o n  where r o t a t i n g  s ta l l  was encountered,  and  hence, the unshaded sec- , 

t l o n  r ep resen t s  that area of  operation where the campressor w&s free of 
r o t a t i n g  stall.  Examination  of the rated o p e r a t i o n a l   l i n e   i n d i c a t e s  that 
there was no "marked" change i n  performance as the compressor became 
free of r o t a t i n g  stall. I n  the performance data i n  figure 2 of refer- 
ence  2,  a l i n e  was drawn i n d i c a t i n g  the opera t iona l   lFmi ts  of l i m i t i n g  
turb ine   t empera ture ,  s tall  or   surge,  and at the lower speeds, minimum 
available exhaust area. As the r e s u l t  of a f a i l u r e  of a four th-s tage  
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ro to r   b l ade   du r ing  this inves t iga t ion ,  data were no t   ob ta ined   t o  draw 
t h i s   l i m i t i n g  ty-pe of l i n e  on the performance map of   f i gu re   2 (a ) .  

F igu re   3 (a )  is a p l o t  of   vibratory stress a g a i n s t  ac tua l   engine  
speed  and  percent  of  equivalent rated engine  speed. A v i b r a t i n g  blade 
is a f f e c t e d  by the   ac tua l   speed ;   t he re fo re ,   t he   v ib ra t ion   da t a  w i l l  be  
discussed Fn terms of actual   speed.  The percent   o f   equiva len t   ra ted  
speed  can be used t o   l o c a t e   t h e   r o t a t i n g - s t a l l   d a t a  on the  performance 
curve i n  f i g u r e   2 ( a ) .  Complete  compressor d a t a  were not  obtained  for 
t h e s e  data p o i n t s .  The d a t a   f o r   t h i s  figure were obtained  with  the c&- zl 
pressor   opera t ing  with reduced  nozzle area. A t  the  bottom  of  the  curve #? 
i n   f i g u r e  3(a) is a b& graph .   p resent ing   the   . .de&i led   ro t i t ing-s ta l l  
da t a .  As the  compressor  speed was increased,   the   s ta l l -zone  sequence 
was 5, 4 ,  3, 6,  5, and 4 .  The three-zone stall was t h e   s t r o n g e s t  and 
pers is ted  over   the  longest   speed  range.  A t  approximately 6240 rpm 
(74.5  percent  of rated equivalent  speed)  the  compressor was free of 
r o t a t i n g  stall. 

." 

. "" 

Figure 3(b) is a p l o t  of v ib ra to ry  stress aga ins t   ac tua l   speed  and 
percent  of equivalent rated engine  speed.  These da t a  were obtained  with 
the  compressor  operating on the o p e n - n o d e  l i n e  of   f igure  Z(a). A t  t h e  
b o t t m  of the  curve is a bar g raph   p re sen t ing   t he   de t a i l ed   ro t a t ing -  
stall da ta .  A s  the  speed was increased ,   the  stall zone  sequence was 4, 
3, and 5. As i n  f i g u r e  3 (a),  the  three-zone  pat tern was t h e   s t r o n g e s t  
and pers i s ted   over   the   longes t   speed   range .  A t  a,pproximately 5870 r p m  
(70 percent of equiva len t   ra ted   speed)  the compressor was fYee of  
r o t a t i n g  stall. The operations  of  the  Jet   engine  with  the  reduced 
nozzle  area OT t h e  compressor  closer t o   t h e  stall l ine  inc reased   t he  
s e v e r i t y  of t h e  s t a l l ,  t h e   r o t a t i n g - s t a l l  speed  range,-and  the number 
of p a t t e r n s .  The s ix-zone  pat tern was observed  only  while  operating 
wi th   the  minbmm exhaust area. 

. " 

il 

Rotor-Blade  Vibration 

Figure 4 is a p l o t  of  frequency a g a n i s t  "actual"  engine  speed. The 
dashed l i n e s   r e p r e s e n t   t h e  n a t u r a l  bending  frequencies for t h e  first- 
to   fou r th - ro to r   s t ages   co r rec t ed  for t h e   e f f e c t  o f   cen t r i fuga l   force  
(ref. 5). The lower series of data po in t s   r ep resen t s   t he  r e l a t i v e  stall 
f r e q u e n c i e s   f o r   t h e  three-, four- ,   f ive- ,   and  s ix-zone  rotat ing s ta l l  
over  the  range  of  speeds  observed. The frequency of e x c i t a t i o n  due to 
r o t a t i n g  stall f o r  a r o t o r  blade is t h e  s t a l l  f r e q u e n c y   r e l a t i v e   t o   t h e  
ro to r   b l ades .  The re la tLve  stall frequency is d e f h e d  by the following 
equation : 

where 
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f; r e l a t i v e  stall  frequency 

N compressor speed 
.I 

5 

X number of zones i n  a stall p a t t e r n  

fs absolute  frequency  determined  from  hot-wire signals 

w cn 
m 
P 

The upper series o f   da t a   po in t s   r ep resen t s  the a c t u a l  measured 
b lade   v ibra t ion   Wequencies   for  the first three stages. Over  most  of 
the speed range, the blade  f requencies   fol lowed the dashed l i n e s  repre- 
sen t ing  the static f requency   cor rec ted   for  the effect of c e n t r i f u g a l  
f o r c e .  However, over the speea range of from  approx-tely  4700 t o  
5700 r p m ,  the first-stage blades followed a l i n e  "B" r ep resen t ing  E 

f requency  equal  t o  twice the r e l a t i v e  stall f r equency   fo r   t he  three- 
zone stall.  Over a speed range of from 5300 t o  6000 r p m ,  the second- 
stage blades  also followed this two times t h r e e - s ~ l l  line. These 
f irst-  and  second-stage  blades were being  forced t o  vibrate by the 
th ree -zone   ro t a t ing  stall.  In r e fe rence  2 ,  t h e  first- and  second- 
s t age   b l ades  were a l s o   f o r c e d  t o  v i b r a t e  a t  twice the relative fre- 
quency of the   t h ree -zone   ro t a t ing  stall and  not their own n a t u r a l  fre- 
quencies.  However, an exception  did  occur at approximately  5540 r p m  

to v i b r a t e  a t  the frequency  of a s ix-zone   ro ta t ing  stall. Shown fn 
figure 3(a) are the stress d a t a   f o r  the first three stages as the cam- 

first stage had  peak stress va lues  of f19,OOO and k31J.200 pounds per 
square  inch a t  approximately  5050  and  5540 rpm, r e spec t ive ly .  The first 
peak Stress w a s  observed w i t h  a three-zone stall and the second peak .Kith 
a Six-ZOne Stall. The stresses observed  in  the second stage were consid- 
erably lower t h a n   f o r  the first stage. The average stress of the many 
peaks  between 4800 and 6000 r p m  w a s  approximately k12,OOO pounds per 
square  inch.  The three- and  five-zone stalls were observed with these 
v ib ra t ions .  No  stresses over &000 pounds  per  square  inch w e r e  observed 
i n  t h e   t h i r d  stage. 

* (fig.  4) .  A t  this po in t  the f irst-  and  second-stage  blades were forced  

. pres so r  was opera t ing  on t he   r educed-nozz le   l i ne   i n   f i gu re   2 (a ) .  The 

In  figure 3(b) , with the compressor  operating on the open-nozzle 
l i n e ,  the first stage again had a peak stress a t  approximately 5000 r p m  
appearing  wfth a three-zone stall. No peak stresses were observed at  
5500 rpm because the six-zone stall was n o t   p r e s e n t .  

An examination of figures 3 and 4 i n d i c a t e s  that t h e  peak stresses 
existing at  approximately 5000 rpm occurred at the po in t   o f   i n t e r sec t ion  
o f  the b lade   f requency   l ine ,   and  the l i n e   r e p r e s e n t i n g  twice the r e l a t i v e  
frequency  of the three-zone   ro ta t ing  stall.  The peak stress of  331,200 
pounds pe r   squa re   i nch   ( f ig .  3(a)) was exci ted   by  a s ix -zone   ro t a t ing -  
stall p a t t e r n .  This stall p a t t e r n  was observed mer an extremely s h o r t  
speed  range. 
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Figure  5 is a r e p r o d u c t i m  of secti .ons of two oscil lograph  reccrrds.  

Sec t ion  A i s  t h e  record of t he .b l ade   v ib ra t ion   occu r r ing  w i t h  a t h r e e -  
zone   pa t te rn  a t  5500 rpm. Here t h e  first-stage-.bfades were v i b r a t i n g  a t  
a low maxlmum stress of ~ 7 2 8 4  pounds per. s q u a r e  Lnch. A t  this compressor 
speed, the three-zone stall had l i t t l e  effect on ' the  blat ies ,  because the 
r e l t a i v e  s ta l l  frequency wa6 approximately 15 cycles   higher   than the  
n a t u r a l  blade frequency.   Sect ion B is a r e p r d u c t i o n  of the osc i l lograph  
r eco rd   sha r ing  the maximum stress recorded in the first s t a g e   i n   t h i s  
i n v e s t i g s t i o n .  The  compressor  speed was 39 rpm h ighe r   t han   t ha t  for sec-  rt 
t i o n  A .  However, i n  s ec t ion  B the compressor was -operat ing with six-zone -in 

W 

r o t a t i n g  stall .  The r a t a t i o n a l   s p e e d  of the   s ix-zone  stall was higher  . m  

than  the  three-zone stall and, as a r e s u l t ,   t h e   r e l a t i v e  stall frequency 
f o r  the   s ix-zone  stall  was approximately 18 cycles lower t h a n   f o r  the 
t w o  times t b e e  s t a l l  ( f ig .  4 ) .  This reduct ion  made t h e  relative stall 
f r e q u e n c y   e q u a l   t o  the n a t u r a l  blade frequency. With this fundamental 
e x c i t a t i o n ,  the e x c i t i n g  farces were high  and,  as a r e s u l t ,  the  maximum 
v i b r a t o r y  stresses were observed. . . . . . . .  . . ... - 

- ." * 
" .. 

. "  

Fourth-Stage  Rotor-Blade  Failure 

A f t e r  approximately 30 hours of engtne  operat ion at var ious  speeds,  
the  compressor   case was removed t o  i n s t a l l   a d d i t i o n a l   i n s t r u m e n t a t i o n .  
As the case was removed, it was not iced  that about  60 percent  of a four th-  
s t a g e  aluminum r o t o r  blade wa6 missing. The blade sec t ion  was found 
wedged i n  the e l even th - s t age   s t a to r s .   F igu re   6 (a )  is a photograph of t h e  
failed blade and   f igure   6 (b) ,  a photograph of the  f ' racture   surface.  An 
examination of t h i s   s u r f a c e   i n d i c a t e d  that a fatigue f a i l u r e . - W  occurred. 

I 

d 

. " 

Line A r ep resen t ing  a frequency  four  times the r e l a t i v e  stall  fre- 
quency of a three-zone s t a l l  ( f i g .  4)  i n t e r s e c t s  the fOurth-Stage blade 
frequency a t  approximately 4950 rpm. A t  this in te rsec t ion ,   resonance  
would occur  between the blades .and r o t a t i n g  SF-?. .. "Since   s t ra in  gages 
had n o t   b e e n   i n s t a l l e d  on t h e   f o u r t h  stage, no blade v i b r a t i o n  was re-  
corded;  however, it can be assumed that the   fou r th - s t age  blades would 
respond t o  the th ree -zone   ro t a t ing - s t a l l   exc i t a t ion  as d i d  t h e  f i rs t  and 
second  s tages   ( f ig .  3). 

... - . . . . - . 

. .. . 

SUMMARY OF RESULTS 

A ro to r -b l ade   v ib ra t ion   and   ro t a t ing - s t a l l   su rvey  was conducted on 
8 product ion 13-stage axial-flow  compressor t o  determine the rotor-blade 
v i b r a t i o n  and r o t a t i n g - s t a l l  characterist ics of a compressor  with  pro- 
duction  changes. Strain gages  and  hot-wire  anemometers were used t o  de- 
t e c t   t h e  blade v i b r a t i o m  and r o t a t i n g  stall, r e spec t ive ly .  The resul ts  
may be summarized as follows: 
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1. A maximum v i b r a t o r y  stress of  2~31,200  pounds  per  square  inch was 
* measured i n   t h e  first stage a t  approximately 5540 rpm. This v i b r a t i o n  

was a fundamental   exci ta t ion by a s ix -zone   ro t a t ing  stall. 

2. A three-zone stall p a t t e r n  was the predominate stall p a t t e r n  
observed. 

t 

3. Stal l  p a t t e r n s  with three, f o u r ,  five, and six zones were observed. 

4.  The inves t iga t ion  was ended by a four th-s tage  aluminum ro tor -b lade  
failure due t o   b l a d e   v i b r a t i o n   e x c i t e d  by a three-zone stall p a t t e r n .  

Lewis F l igh t   Propuls ion   Labora ta ry  
National  Advisory Committee for Aeronautics 

Cleveland, Ohio, December 2, 1954 
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I 

1 3 5 

(b) Vlevs of several statfons (looking downstream). 

Station 

Total pressure 20 12 15 
Total temperature 
Well stat ic   tap 
Stream s ta t i c  " 

Figure 1. - Cross section of -ne showing s tat ions   a t  which instrumentation was Installed. 
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(a) Total-pressure ratio. 

(b) Adiabatic  temperature-rise efficiency. 

Figure 2. - Compressor over-all performance. 
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( a )  Closed exhwat  nozzle. ‘ E  
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Percent of equlvalent  rated speed 

(a) open exhaust nozsle. 

Blgure 3. - Conaluded. Vibratory BtreBEeE and rote thg- s ta l l  pattern manured in first three etages. 
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c- 35173 
(a) Wer-all view. 

Figure 6 - Failed fourth-stage blade. - . 
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(b) F r a c k e  surface. 

Figure 6 . - Concluded. Bailed fourth-etage blase. 
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